Abstract The aim of the present study is to determine whether ADAMTS-7 contributes to the onset and severity of joint inflammation in the pathogenesis of inflammatory arthritis. ADAMTS-7 was found to be elevated in the course of collagen-induced arthritis (CIA). ADAMTS-7 transgenic (TG) mice were more susceptible to the induction of CIA. The onset of CIA was accelerated and the arthritic severity was increased in TG mice compared to wild-type mice. The overall incidence was also significantly higher in TG mice. In addition, arthritic TG mice displayed significantly higher clinical and histological arthritis scores. The COMP degradative fragments were significantly elevated in articular cartilage and sera in CIA models of TG mice. Furthermore, the production of tumor necrosis factor-alpha and interleukin-17 was also increased in serum and draining lymph nodes of arthritic TG mice. Therefore, these data provided the in vivo evidence, suggesting that ADAMTS-7 may play an important role in the pathogenesis of inflammatory arthritis, and that inhibition of ADAMTS-7 may be a potential target to ameliorate the severity of inflammatory arthritis.
Introduction
Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease characterized by inflammation of multiple joints and destruction of cartilage and bone [1] . Although the cause of RA remains unclear, increasing evidences indicate that cytokines and proteinases produced from RA synovium play an important role in the erosion of articular cartilage and subchondral bones.
The ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) proteases are enzymes that exert their function through degradation of substrates, including hyalectans, procollagen, and cartilage oligomeric matrix protein (COMP) [2] . The altered regulation of ADAMTS proteases has been implicated in a number of inflammatory pathological conditions. For instance, ADAMTS-5 plays a primary role in aggrecan degradation in murine arthritis [3, 4] .
The expression of ADAMTS-7 was found in cartilage, bone, synovium, tendon, and ligamentous tissue [5] . COMP, a prominent non-collagenous component of cartilage, plays a critical role in the progression of arthritis and whose degradation has been observed in RA patients [6] . ADAMTS-7 directly associates with and degrades COMP [6] . Moreover, ADAMTS-7 was also found to inhibit endochondral bone formation and involved in coronary atherosclerosis via associating with and degrading COMP [7] [8] [9] . But whether ADAMTS-7 also contributes to COMP degradation during inflammatory arthritis has not been elucidated.
Recent studies demonstrated that ADAMTS-7 formed a positive feedback regulatory loop with TNF-a in the progression of surgically induced osteoarthritis [10] . However, the role of ADAMTS-7 in the initiation and progression of inflammatory arthritis remains unknown. In this study, we examined the expression of ADAMTS-7 in the course of collagen-induced arthritis (CIA) mice model, and established a CIA model in ADAMTS-7 transgenic (TG) mice. We found a higher incidence of CIA and a higher clinical and histological arthritis score with increased COMP degradation, production of TNF-a, and interleukin-17 (IL-17) in ADAMTS-7 TG mice. These results indicated the importance of ADAMTS-7 in the maintenance of joint integrity, and inhibition of ADAMTS-7 may be a novel target to control the severity of RA.
Materials and methods

Ethics statement
All animal studies were performed in accordance with institutional guidelines and with approval by the Institutional Animal Care and Use Committee of New York University (Protocol Number: 130202-01). All efforts were made to minimize the number of animals used and their suffering.
Mice DBA/1 J mice were obtained from Jackson Laboratories. Generation and characterization of ADAMTS-7 TG mice were described recently [10] . The TG mice in FVB/N background were backcrossed onto the DBA/1 J mice for six generations to produce mice used in experiments.
Induction of CIA
Chicken type II collagen (Chondrex, LLC, Seattle, WA) was emulsified with an equal volume of complete Freund's adjuvant (CFA) containing 4 mg/ml heat-killed mycobacterium (Chondrex, LLC, Seattle, WA). For male DBA/1 J mice (n = 9), each mouse (8-10 weeks old) was intradermally immunized at the base of the tail with 100 lL of the emulsion. On day 21, a booster immunization is used through injection of 100 lL emulsion containing chicken type II collagen and the same volume of incomplete Freund's adjuvant (IFA).
Clinical assessment of arthritis Development of arthritis was evaluated every other day by visual observation of paw swelling from experimental 4 weeks and continuing until 14 weeks. Each paw and digit was scored for the degree of inflammation (swelling and erythema) by using a well-established semi-quantitative score [11] . The total arthritis score for each mouse was determined by adding the scores from all four paws. Incidence was expressed as the percentage of arthritic mice out of the total number of immunized mice during the experiment.
Histopathological analyses
Serial sections were stained with hematoxylin and eosin (H&E) and the severity of arthritis was determined by the cumulative assessment of three parameters including pannus formation, synovial inflammation, and cartilage/bone erosion by using a score system [12] . All scoring was performed blind with respect to the specific treatment.
Tartrate-resistant acid phosphatase (TRAP) staining was performed for examination of multinucleated osteoclast activity. Sections were also stained with safranin O for detection of cartilage proteoglycans. Safranin O-stained sections were graded using categories of Mankin scores [13] .
Radiographic analysis
Prior to histologic processing, paraformaldehyde-fixed samples were evaluated via X-ray (Faxitron) and microcomputed tomography (micro-CT) using a Scanco lCT 40 scanner (Scanco Medical AG, Basserdorf, Switzerland). X-ray and micro-CT were used to quantify bone erosion within the paws.
Flow cytometry
Fresh isolated draining lymph nodes cells were stained with anti-CD16/32, -CD4, -CD8 (eBioscience). Intracellular staining for TNF-a and IL-17A was conducted according to the manufacturers' instructions (Fixation and Permeabilization Solution Kit, eBioscience). All results were carried out on a LSRII machine (BD Biosciences) and analyzed with FlowJo (Tree star, Ashland OR).
Immunohistochemistry
Tissue sections were performed immunohistochemistry (IHC) assay to examine the expression of ADAMTS7, MMP13, and COMP with a standard protocol previously published [10, 14] .
Measurement of inflammatory cytokines levels in serum
At the end of the experiments, the blood was centrifuged and serum was obtained for further analysis. The levels of TNF-a and IL-17 in the serum of each group were measured by using mouse TNF-a and IL-17 ELISA kits (eBioscience) in accordance with the manufacturer's instructions.
Sandwich ELISA for COMP
The following detailed steps were performed according to our previously described COMP fragments-specific ELISA [14] . The COMP concentrations in serum were calculated from the linear range of a standard curve.
Quantitative RT-PCR analysis
Quantitative real-time PCR was performed using 7300 Realtime PCR system (Applied Biosystems) and SYBR-Green PCR Master Mix following the manufacturer's protocol (Applied Biosystems). The sequences of the forward and reverse primers used are listed in Table 1 . Data were analyzed by the -2 DDCT method normalizing to gapdh.
Statistical analysis
All data were analyzed using SPSS software (SPSS Inc, Chicago, IL). Results represent mean ± SD. The group comparisons were analyzed by the Student's t test. A value of P \ 0.05 was considered to be statistically significant.
Results
ADAMTS-7 expression in the course of collageninduced arthritis in DBA/1 J mice
To characterize ADAMTS-7 in CIA mice, we established the CIA model in DBA/1 J mice and investigated the alteration of ADAMTS-7 expression during the progression of disease by using IHC. As shown in Fig. 1a , 8 weeks after immunization, DBA/1 J mice developed severe joint inflammation evidenced by marked erythema and swelling of forepaws encompassing the wrist and ankle and extended distally through the limb and digits. The radiograph revealed severed narrowing of the joint space and bone erosion around the joints of collagen-induced mice (Fig. 1b) . The H&E stained joint sections further confirmed the inflammation and joint destruction during the course of CIA (Fig. 1c) . Results of immunohistochemistry showed that the protein level of ADAMTS-7 was significantly upregulated in 8 week after immunization; in contrast, no or weak staining was observed in 0 week (non-immune controls) or 4 week after immunization (Fig. 1d) , indicating that ADAMTS-7 was differentially expressed in the course of inflammatory arthritis.
The onset and severity of CIA in hADAMTS-7 transgenic (TG) mice
To study the role of ADAMTS-7 in arthritis development using the CIA model, we backcrossed hADAMTS-7 TG mice (FVB/N background) for six generations onto the DBA/1 J background. As shown in Fig. 2a , the real-time PCR results demonstrated a significant increase in the mRNA level (P \ 0.01) in ADAMTS-7 TG mice compared to control mice. Results of IHC further confirmed the expression of ADAMTS-7 was high in TG mice as compared with naïve mice (Fig. 2b) . To investigate the effect of ADAMTS-7 on CIA incidence and severity, wild-type littermates (n = 9) and TG mice (n = 9) were immunized with chicken type II collagen and were boosted using chicken type II collagen emulsified with IFA on day 21, and then were observed for up to 14 weeks for the development of clinical arthritis. As indicated in Fig. 2c , arthritis onset was accelerated for 4 week in ADAMTS-7 TG mice, while arthritis in wild-type mice appeared on 5 weeks after first immunization and second booster injection. By weeks 4, a significant difference in the incidence of arthritis was observed. On weeks 10, the incidence of ADAMTS-7 TG mice was 89 %; in contrast, only 33 % wild-type mice developed arthritis. By the end of the experiment, the incidence was 100 and 33 %, (Fig. 2c ). There were slightly difference in hindpaws between TG mice and wild-type mice by visual examination at weeks 4, but the images of micro-CT demonstrated that no difference in the joints were observed in the TG group as compared to the wild-type mice, as shown in Fig. 2d . However, severe joint inflammation was observed in TG mice by visual examination, including marked swelling and erythema of the hindpaws encompassing the wrist and ankle and extending distally through the limb and digits 14 weeks after collagen induction (Fig. 2e) . The hindpaws were further examined by micro-CT at weeks 14, and the results demonstrated that significant bone erosions in the joints were observed in the TG group as compared to the WT group (Fig. 2f) , which confirmed the conclusion of visual examination, and TG mice had a decreased bone volume per total volume (BV/ TV) compared to wild-type mice (4.0 ± 0.68 vs. 6.3 ± 0.88 %, P = 0.0011) (Fig. 2g) . ADAMTS-7 TG mice had significantly higher mean clinical scores than wild-type mice from weeks 5 after first immunization and booster injection (weeks 8: P = 0.012; weeks 9: P = 0.0016; weeks 10: P = 0.0017; weeks 11: P \ 0.001; weeks 12: P \ 0.001; weeks 13: P \ 0.001; weeks 14: P \ 0.001) (Fig. 2h) .
Histological changes of arthritic joints from wild-type and TG mice
To determine whether clinical arthritis severity was associated with histological changes, we compared paw joint sections between ADAMTS-7 TG mice and wild-type mice. The sections of ADAMTS-7 TG mice had more inflammatory cells infiltration and displayed severe loss of joint architecture compared with wild-type mice (Fig. 3a) . The semi-quantitative histological results demonstrated that ADAMTS-7 TG mice had a statistically significant increase in synovitis, pannus, and erosion score (synovitis severity scores: P \ 0.001; pannus scores: P \ 0.001; erosion scores: P \ 0.001) compared with wild-type mice (Fig. 3b) . Our safranin O staining results revealed that significantly more loss of safranin O staining was observed in ADAMTS-7 TG group compared with wide-type group; 47.5 % average increased in scores for proteoglycan depletion in cartilage of TG mice (3.30 ± 0.36 vs.
1.56 ± 0.25, P = 0.0012) (Fig. 3c) . Moreover, sections from ADAMTS-7 TG mice had more TRAP-positive osteoclast-like cells presented on focal bone erosions than wild-type controls (Fig. 3d) , suggesting that TG mice developed severe bone erosions. 
Changes of COMP degradation, MMP13, and inflammatory cytokines in arthritic TG mice
Recent studies revealed that ADAMTS-7 affects the COMP degradation and MMP13 expression in the progression of surgically induced osteoarthritis [10] , promoted us to determine whether overexpression of ADAMTS-7 caused an increase in the degradation of COMP and MMP13 expression in CIA, we thus performed a sandwich ELISA to detect the serum level of COMP degradative fragments [10, 14] , and a real-time PCR to measure the levels of MMP13 mRNA in articular cartilage tissues. The serum concentrations of COMP fragments were significantly higher in arthritic ADAMTS-7 TG mice than that of the arthritic wild-type mice (P \ 0.01) (Fig. 4a ). There were significant changes in mRNA expression of MMP13 (P \ 0.001) in arthritic TG mice, compared with arthritic wild-type controls (Fig. 4b) . No significant changes in mRNA expression of MMP13 were found between wildtype and TG mice (Fig. 4b) . We also performed IHC to examine the levels of protein for COMP fragments and MMP13. As shown in Fig. 4c , COMP fragments and MMP13 were all increased in joint sections of arthritic TG mice, while a lower expression of COMP and MMP13 was detected in arthritic wild-type controls. Real-time PCR results revealed that the mRNA levels of TNF-a (P = 0.0004) and IL-17 (P \ 0.001) were significantly increased in arthritic TG mice compared to arthritic wild-type controls (Fig. 4d and e) . However, there was no significant difference between unchallenged wildtype and TG mice (Fig. 4d and e) . We also performed ELISA to measure the TNF-a and IL-17 levels in serum, and the results demonstrated that the serum levels of TNFa (P = 0.0017) and IL-17 (P = 0.002) increased significantly in CIA TG mice as compared with CIA wild-type controls ( Fig. 4f and g ). The TNF-a-producing CD4?T cells in draining lymph nodes were 19.0 ± 2.66 % (P = 0.014) in CIA TG mice; in contrast, 14.9 ± 1.03 % Fig. 2 ADAMTS-7 TG mice become more susceptible to CIA. a Real-time RT-PCR analysis of ADAMTS-7 mRNA expression from cartilage of TG mice and wide-type control. b IHC was performed using paw joint sections. Scale bars 200 lm. c Total incidence of CIA in TG mice (n = 9) compared to wild-type littermate mice (n = 9). d Representative photographs of hindpaws. e-f Representative micro-CT images of hindpaws and BV/TV of bone destruction. g Disease severity was scored and recorded by visual examination of mouse paws. All data were expressed as mean ± SD from three independent experiments, *P \ 0.05, **P \ 0.01, ***P \ 0.001 CD4?T cells expressed TNF-a in CIA control mice. Furthermore, the fraction of CD4?IL-17? cells was significantly increased in draining lymph node cells of arthritic TG mice (0.69 ± 0.36 %, P = 0.012), compared with arthritic wild-type mice (0.31 ± 0.11 %) (Fig. 4h) . These findings suggest that ADAMTS-7 overexpression enhances TNF-a and IL-17 production in arthritic TG mice after collagen induction.
Discussion
This was the first study to demonstrate the role of ADAMTS-7 in inflammatory arthritis by using a CIA model, which is characterized by rapid and severe erosions of cartilage and bone. Our results demonstrate that ADAMTS-7 was induced in the course of CIA (Fig. 1d) , and this result was in agreement with a previous study revealing that ADAMTS was significantly upregulated in cartilage and synovium samples of RA patients [15] , indicating that ADAMTS-7 may be involved in the pathogenesis of inflammatory arthritis.
The notion that ADAMTSs and matrix metalloproteinase (MMP) play an important role in RA has been well established. In this study, we found that ADAMTS-7 TG mice increased the severity of CIA (Fig. 2d) , suggesting that a severe destruction of cartilage and bone results in the arthritic TG mice compared with the arthritic wild type. In arthritis disease conditions, ECM degradation leads to malfunction of articular cartilage and bone. COMP belongs to the subgroup B of the thrombospondin protein family and is a prominent non-collagenous component of cartilage Fig. 3 Representative results of histological arthritic joint sections from arthritic TG and wild-type mice. a Representative H&E stained sections of hindpaws joints. Scale bars 50 lm. b Histopathological analysis of synovitis, pannus, and erosion in sections of hindpaws was evaluated using a five-point (0-4) score system. c Representative histologic staining with safranin O of hindpaws joints. Scale bars 50 lm. d Representative TRAP staining sections showing osteoclast activity. All values are the normalized mean ± SD, **P \ 0.01, ***P \ 0.001, compared with arthritic WT mice. Scale bars 50 lm ECM. ADAMTS-7 was isolated as the first metalloproteinase associating with and degrading COMP directly in vitro [7] . To determine whether ADAMTS-7 affects COMP degradation in CIA, we established a novel capture ELISA method which can be used for distinguishing between COMP fragments and intact COMP levels [14] . The sandwich ELISA results demonstrated that concentration of COMP fragments in serum was significantly increased in arthritic TG mice relative to arthritic wild-type mice (Fig. 4a) . The degradation of COMP in cartilage was also examined using fragment-specific antibody (Fig. 4c) , and the level of COMP fragments in TG mice was found to be significantly elevated compared to wild-type mice. These findings are in agreement with published studies which propose that monitoring COMP levels may be useful in assessing the progression of arthritis in patients with arthritis and animal disease models [16] [17] [18] . In addition, cartilage destruction is mediated in large part through the elaboration of metalloproteinases, whether the severity of inflammation in TG mice related to other MMPs; we examined the mRNA of MMP13 (Fig. 4b ) and found that it was elevated in arthritic TG mice compared with wild-type mice. The reason may be related to the secondary effect or indirect effect mediated by, for instance TNF-a, where its expression was increased in ADAMTS-7 TG mice (Fig. 4d) . Actually, the study also indicated that mRNA levels of TNF-a were significantly induced in ADAMTS-7-treated cartilage cultures relative to controls [10] . It was known that TNF-a induced numerous metalloproteinases [19] , including MMP13. Thus, we further examined the protein level of MMP13 (Fig. 4c ) and the data in panel 4C were consistent to panel 4B, suggesting that MMP-13 is d Real-time PCR analysis of TNF-a mRNA expression. e Real-time PCR analysis of IL-17 mRNA expression. f-g ELISA was performed to examine the levels of IL-17 and TNF-a in serum. h Intracellular FACS staining of TNF-a and IL-17 in draining lymph node cells. All data represent three independent results. *P \ 0.05, **P \ 0.01 involved in ADAMTS-7-mediated destruction of cartilage in the CIA model, and MMP-13-mediated collagen II degradation might also be increased in TS7-CIA mice.
In addition, ADAMTS-7 transgenic mice displayed significantly higher clinical and histological scores after collagen induction (Figs. 2g and 3b) . Safranin O staining results (Fig. 3c ) also indicated that arthritic TG mice observed severe destruction of cartilage compared with arthritic wild-type mice (P \ 0.01). In this study, enhanced osteoclast activity was also examined in arthritic TG mice using TARP staining (Fig. 3d) . Bone erosion in arthritis is caused by activated osteoclasts, and TNF-a in addition to T cell-derived IL-17 displayed a strong synergistic effect on the maturation process and the activation of mature osteoclasts [20] . We examined the mRNA levels of TNF-a (P \ 0.001) and IL-17 (P \ 0.001), and found significantly increase in joint cartilage of TS7-CIA mice. These findings suggest that TNF-a and IL-17 are involved in ADAMTS-7-mediated destruction of cartilage and bone in the CIA model. Overall, ADAMTS-7 may play an important role in the inflammatory arthritis through (a) upregulating the proinflammatory cytokines, such as TNF-a and IL-17, and (b) degrading COMP, a key early event in arthritic pathology, which may result in proteinase access to the abundant matrix molecules (e.g., Collagen II) leading to significant cartilage loss and arthritic onset (See proposed model in Fig. 5) .
The underlying mechanism of RA remains poorly understood. However, inflammatory cytokines are directly implicated in several immune-related diseases including RA [21] . TNF-a clearly plays a critical role in the pathogenesis of RA since inhibition of TNF-a suppresses various arthritis models and overexpression of the TNF-a gene leads to spontaneous inflammatory arthritis [21] [22] [23] . However, inhibition of TNF-a alone may not be sufficient to treat all cases of RA [24] . Furthermore, IL-17 plays a key role in the progression of RA and amplifies the inflammation induced by other cytokines, primarily TNF-a [25, 26] . We found a significant increase in production of TNF-a and IL-17 in serum (Fig. 4f and g ) and in draining lymph node cells (Fig. 4h) in arthritic ADAMTS-7 TG mice. TNF-a and IL-17 are involved in destruction of cartilage and bone in TG mice after collagen induction. These findings are consistent with other studies highlighting the inflammatory role of TNF-a and IL-17 in increasing the severity of CIA [27, 28] .
Taken together, these results indicate that ADAMTS-7 was induced in the course of CIA, and ADAMTS-7 overexpression accelerates the onset and increases the severity of CIA in TG mice and leads to endogenous TNF-a production, whereas other studies indicated that the mRNA level of ADAMTS-7 was also higher in TNF-a-treated cartilage explants than in the untreated control [19, 29, 30] .
In brief, TNF-a induces ADAMTS-7 expression. In our study, we also examined ADAMTS-7 expression by using IHC and found that the protein level of ADAMTS-7 was increased in the TNF-a transgenic mouse which is a spontaneous inflammatory arthritis animal model, compared with the wild-type mouse (data not shown). Thus, ADAMTS-7 constitutes feedback regulation with TNF-a in the progression of inflammatory arthritis, as it does in surgically induced osteoarthritis [10] . In summary, our results demonstrate the importance of ADAMTS-7 in modulating inflammatory arthritis. These findings may provide us with a new intervention strategy in the control of arthritis severity.
